Cell-cell interactions and the presence of growth factors such as stem cell factor (SCF; or *kit ligand) or interleukin-6 (11-6) are involved in the proliferation and differentiation of the canine marrow-derived stromal cell line D064. In the presence of SCF, stromal cells are induced to differentiate, but not to proliferate. In contrast, in the presence of IL-6, stromal cells are induced to proliferate rather than to differentiate in culture. Both SCF and IL-6 are produced by the stromal cells themselves and, thus, act as autocrine factors. In addition, DO64 cells also interact physically with each other in culture when grown under optimal culture conditions (70% to 90% cell confluence and in the presence of ELLS OF THE BONE MARROW stroma interact with hematopoietic stem cells (HSC) and support their differentiation and proliferation.' Stromal cells generate the extracellular matrix of the marrow microenvironment, and provide growth factors essential for HSC.' A recent report suggested that a single CD34+DR-embryonic stem cell can differentiate into CD34+DR+ hematopoietic precursor cells and CD34'DR-cells capable of producing cells with hematopoietic, as well as stromal characteristic^.^ Although this conclusion was subsequently modified: it would be in agreement with the notion that there is a common precursor for stromal and hematopoietic cells in the bone marrow microenvironment.' Additional evidence in support of this con blood flow. Other factors exist also in a membrane-bound form, and therefore, intercellular contact is required between the cell that expresses the factor and the cell that bears the appropriate re~eptor.'~ Growth factors and contact between hematopoietic and stromal cells may mediate positive as well as negative signals with different effects on the differentiation and proliferation of hematopoietic cells." To what extent contact between cells of the microenvironment is involved in maintaining viability has not been well characterized. In the current study, we examined a canine marrow-derived cell line, DO64,I7 with the potential of forming stromal cells as well as hematopoietic colonies'* in regard to its requirements for maintaining viability and function.
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MATERIALS AND METHODS
Establishment of stromal cell lines. Canine stromal cell lines were obtained from canine marrow by establishing long-term cultures and by selecting colony-forming unit (Cm)-fibroblast as described.I7 Briefly, the fibroblast-like cells were cloned by means of limiting dilution using conditioned medium from adherent long-term cultures. The conditioned medium was initially derived from the supernatant of stromal cells grown to confluence. The applied cloning method was such that statistically only 0.33 cells were deposited per well. The presence of only a single stromal cell was confirmed by microscopic analysis, and wells which contained two or more cells were discarded. The cells were subcloned after 3 weeks according to the same protocol. The stromal cell clone DO64 usually grows in an angulated adherent fashion, and histochemical staining shows a typical staining pattern for stromal cells." D064 cells do not express detectable levels of differentiation markers such as CD34 or MHC class 11,'' but transcribe message for a variety of growth factors (Fig l) , as expected for stromal cells." To maintain optimal growth rates and viability, D064 cells require a confluence in culture of 70% to 90% and a concentration of at least 5% fetal calf serum (FCS; HyClone, Logan, UT). The stromal cell clone D064 has the ability to differentiate spontaneously over time in culture. The differentiating cells no longer grow adherent and start to express CD34 and MHC class I1 (DR). Based on morphology and functional CFU assays, the differentiating cells resemble hematopoietic progenitor cells, express canine myeloid antigens, and transcribe high levels of CD34.'* The differentiation of the D064 cells is also reversible, when transferred into fresh medium. DO64 cells grow adherent again until they eventually undergo another cycle of differentiation.
Assays for cell viability. Cell viability was determined by propidium iodide (PI; Sigma, St Louis, MO) that is taken up by dead cells. Propidium iodide was diluted in Hanks' balanced salt solution (HBSS; GIBCO-BRL, Gaithersburg, MD) to a concentra- tion of 4 pg/mL and added to cell cultures. The cell cultures were then examined under an immunofluorescence phase-contrast microscope (Zeiss, Axiovert, Germany) and the proportion of red (PI) stained dead cells was estimated. In addition, stromal cells were stained with a 1:1 mixture of acridine orange (AO) and ethidium-bromide (EB). 100 & n L of each stain were mixed in phosphate-buffered saline (PBS). From adherent growing stromal cells, culture supernatant was discarded from the tissue-culture flask and 10 pL of dye mix was added. The flask was gently shaken by hand and then examined with a fluorescence microscope (Zeiss) using epilumination and a filter combination for observing fluorescence.
Growrhfactors. Where available, we used canine growth factors for our assays. All other growth factors were cloned from human cDNA. Canine stem cell factor (SCF; c-kit ligand) was provided by Amgen (Thousand Oaks, CA). Dr R. Nash (LS6OOOSC. Beckman Instruments, Irvine, CA). Cultures were assayed in triplicate, and the mean was calculated.
Immunophenofyiping. D064 cells were grown in 24-well tissueculture plates (Costar. Cambridge, MA) in the presence of SCF ( 1 0 0 ng/mL), IL-6 (50% cell line supernatant) or serum-free medium.
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After 48 hours, the wells were carefully washed with PBS and fixed with ethanol for 10 minutes. After drying overnight, the wells were stained with the primary antibody for 30 minutes. The irrelevant antibody G3G6 (C. Badger, personal communication) recognizing gpIIblIIIa on human platelets was used as a control. After washing the wells again with PBS, the cells were incubated with a secondary FITC-conjugated goat-antimouse antibody and analyzed by fluorescence microscopy (Zeiss).
Time-lapse video recording. Stromal cells, plated at a concentration of 5 X IO5 cells/mL, were grown in 24-well tissue-culture plates (Costar, Cambridge, MA) in the presence of soluble SCF (100 ng/ mL). The tissue-culture plate was placed under a phase-contrast microscope (Zeiss) and photographs were taken from identical fields every 15 minutes for 48 hours (original magnification X 16) by a CCD video camera (Applied Precision, Mercer Island, WA). The picture sequences were analyzed by a computer modeling system (ISEE, Inovision Corp, Research Triangle Park, NC) and transferred to a computer high-speed summary of the recording period.
Electron microscopy. Transmission electron microscopy (TEM) was performed as described.",18 Briefly, stromal cells, grown in chambers on circular cover slips (NUNC, Naperville, IL), were fixed in Karnofsky'sKarnofsky 2 and medium 1:1, washed in 2% OsOl for 1 hour, and dehydrated in ethanol at increasing concentrations (35%. 50%, 95%. and 100%, each for 15 minutes). Preparations were then incubated again with Kamofsky'slKarnofsky 2 and medium ( I : I ) and placed in 100% EPON 812 (Polyscience, Warrington, PA) for 1 hour. This was followed by 100% EPON 812 overnight and embedded in fresh EPON 812 by inverting BECM capsules filled with EPON 812 on appropriate areas and cured for 48 hours in a 60°C oven. Preparations were sectioned on a Porter-Blum MT-1 ultramicrotome with a Microtome diamond knife (Newton, MA). For examination, Tsousinius 200 mesh grids (Rockville, MD) were used, double stained with saturated 6% uranyl acetate for 2 hours, rinsed, exposed to Millonig's lead stain for 4 minutes, rinsed again, and examined on a JEOL 1 0 0 SX electron microscope (JEOL Inc. Peabody, MA).
Cell-cycle analysis. For cell-cycle analysis, DO64 cells were either grown in serum-containing medium (10% FCS) or were incubated with SCF (100 ng/mL) or L-6 containing supernatant (1 mL/ 4 mL tissue-culture medium) from the cell line 030-E. After 24 hours. cultures were treated with trypsin (0.05%) for 15 minutes at 37°C. and 1 X IO6 cells were washed twice in 1% HBSS. The cellular pellet was resuspended in 250 pL of buffer A (10 mmollL TRIS-HCI, pH 7.5; 20 mmoVL NaCI, 20 mmoVL MgClJ and kept on ice for 5 minutes. Buffer B was added (50% buffer A, 1% NP40) and the mixture was incubated for 5 minutes on wet ice. Then 10 p L of DNase-free RNase (final l0 pg/mL; Boehringer Mannheim) was added and left at 37°C for 30 minutes. Finally, 500 pL of PI solution (100 pg/mL PI, Sigma; 0.1 % Triton x 100, USB; fetal bovine serum; HyClone, Logan, UT) was added to each tube and left in the dark at 4°C for I hour before reading. The DNA content was determined by FACScan analysis using LYSIS I1 software (Becton Dickinson) and cell-cycle analyses were performed with the Multicycle computer program after analyzing the data by Reproman software (Fine Facts Software, Seattle, WA).
RESULTS

Optimal growth conditions for stromal cells
in culture. The analysis of cell growth and survival of canine marrow-derived cells in culture suggested that stromal cells did not necessarily require signals from other cell types to survive: optimal growth conditions were provided by increasing cell density in culture. Necessary signals were apparently provided by stromal cells in an autocrine fashion. A certain cell density was required to facilitate close contacts among stromal cells and posssibly to produce autocrine factors at sufficient concentrations. As shown in Fig 2A, stromal cells grown in the presence of 10% FCS and at a density of 70% maintained a viability of 99% and complete adherent growth. When DO64 cells were grown at only 50% confluence and the serum-concentration was reduced to 5%, cells started to form clusters (within 24 hours), part of which continued to grow in adherent fashion ( Fig   2B) . When the serum-containing medium or conditioned medium was completely washed out, the remaining viable cells began to detach, and within 48 hours, some cells began to die (Fig 2C) . However, D064 cells contained in clusters still remained viable. At 72 hours, only the largest clusters (>30 to 40 cells) remained viable (Fig 2D) . These required cell-cell contacts for DO64 cells to survive under suboptimal conditions. The withdrawal of serum or conditioned medium resulted in an increase in the number of dead cells, most prominently among single cells and in small clusters (c20 cells). The observation that the formation of large clusters prevented cell death supports the idea that survival of DO64 cells either required a certain number of cells in close proximity or that the concentration of certain autocrine factors produced by these cells had to be sufficiently high (Table 1 ).
Cell-cell interaction.
Time-lapse analysis of stromal cells under optimal conditions in culture over 48 hours showed direct cell-cell contacts among DO64 cells (Fig 3) .
Over the time period studied, the stromal cells ca'me in physical contact with each other. Some cells started to round up and then detached, but remained viable. These nonadherent cells remained in culture as floating cells until they came again in physical contact with other adherent cells, reattached and resumed growth in an adherent fashion. We have shown previously that DO64 cells that detach are able to differentiate and exhibit hematopoietic features.'* The detachment is further enhanced by the addition of SCF (see below). In contrast, adherent cells fail to form hematopoietic colonies in semisolid agar and continue to form a layer of fibroblastlike stromal cells (Fig 4) . These observations suggest that DO64 cells not only interact physically with each other under stress conditions (cluster formation during factor withdrawal), but also receive signals, presumably via membrane receptors that play a role in the decision of these cells to differentiate.
Factors involved in stromal cell d(fferentiation and prolferation. We then examined the effect of two soluble factors which are thought to be involved in the differentiation and proliferation of stromal cells. DO64 cells, which detached, began to express differentiation markers such as CD34 and MHC class I1 (DR)'" and showed the morphology of differentiating progenitors.IX The addition of soluble SCF (10-500 ng/mL) as the sole exogenous growth factor resulted in an increase in the number of nonadherent DR' cells in culture. SCF did not enhance proliferation of stromal cells. In contrast, interleukin-6 (IL-6) or conditioned medium from DO64 cells were potent stimulators of proliferation (Fig 5) . but failed to induce differentiation of stromal cells. None of the other factors tested induced either differentiation or proliferation. Adherent growing DO64 cells also increased significantly in number when IL-6 was present in culture. However, in contrast with observations in cultures containing serum, exogenous SCF or cells at high density, hardly any nonadherent cells emerged (Fig 6) . The response of W 6 4 cells to a combination of SCF and IL-6 was dependent on the concentration of each factor. Concentrations of IL-6 (added as su- 
IL-6
70 -c pernatant for up to 5% of the total culture volume) in the presence of 100 ng/mL of SCF resulted in optimum differentiation, whereas higher concentrations of 1L-6 (added as supernatant for 10% or greater of the total volume) favored the proliferation of DO64 cells.
Cell cycle analysis and viahilit?, of D064 cells. Cell cycle analysis of stromal cells showed that SCF reduced the number of cells in S-phase by 30%, in agreement with the observed low proliferation seen in the presence of SCF. In the presence of serum-containing medium or IL-6, 10%-12% of DO64 cells were in S phase, 70% were in G, phase, and 20% in G? phase. In the presence of SCF, the cell cycle shifted towards G, phase rather than G2 phase (Table 2 ). IL-6 had no visible influence on the cell cycle of DO64 cells when compared with DO64 cells grown in serum-containing medium. If no factors were added to the culture or cells were grown at low cell confluence, the number of apoptotic cells among DO64 cells increased progressively until all cells died (Fig 7) . Consistent with declining cell survival was the increased uptake of P1 in DO64 cells over time in serum-or factor-depleted tissue cultures (not shown).
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DISCUSSION
We have shown that D064 cells proliferate or differentiate under the influence of well-defined soluble factors and less well-defined physical interactions. The differentiating nonadherent cells show increased expression of DR and exhibit features of hematopoietic precursor cells.'x However, at the early stages of differentiation the morphologic changes were reversible and cells could reattach and continue to proliferate in an adherent fashion. Dependent upon whether a positive or negative signal was received. transmitted or presented by the cells, DO64 cells were directed towards differentiation or proliferation. The lack of a positive factor or contact signal led to cell death similar to the observations with neurons described by Raff et al."
Intercellular communication between the cells is important for signaling and might trigger proliferation or differentiation or both." One relevant growth factor/receptor pair may be SCF" and c-kit." The soluble, as well as the membrane-bound forms of SCF bind to c-kit, a tyrosine kinase receptor, which is not only expressed on hematopoietic cells, but at lower levels also on stromal and endothelial The interactions between SCF and c-kit may contribute to the decision of stromal cells to differentiate or proliferate." For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From recent finding in a colon carcinoma cell line showing that apoptosis is induced by the inhibition of intercellular contact.28 In other models as well, cell survival depends on cell density and the secretion of survival fact01-s.'~ One suitable candidate factor that has an effect on stromal cells in an autocrine or paracrine manner is SCF itself, which is mainly produced by stromal cell^'^.'^ and exists in soluble and membrane-bound forms. 15 The addition of exogenous SCF to D064 cells induced the differentiation of stromal cells.lX SCF also increased the expression of differentiation markers such as MHC class I1 (DR') on stromal cells, an additional indication of differentiation." Interleukin-6 is another factor transcribed and expressed by stromal cell^.",^' IL-6 and SCF may have antagonistic activities with regard to stromal cell proliferation and differentiation as presented elsewhere." Both factors are also involved in the maintenance of viability of stromal cells, which otherwise undergo apoptosis. Apoptosis is a naturally occurring event among stromal cells, but its occurrence also depends on growth conditions. If stromal cells cannot interact with each other and no exogenous (eg, SCF) or autocrine factors (possibly also SCF) are present, the probability of apoptosis among stromal cells is increased. As stated above, the close cellular proximity between stromal cells (cluster formation) decreased the number of apoptotic events in culture. It has been shown by others that, especially under conditions of serum-or factor-depletion, the lack of intercellular contact ultimately leads to the death of cells.28 The ability of cells to proliferate or to avoid cell death is dependent not only on the number of cells in culture or the concentration of growth factors present,*' but also on the quality of the signals exchanged, which may be positive or negative.","
In summary, multiple factors determine function and viability of the marrow-derived cell line D064. Viability is maintained in the absence of exogenous factors if cells are able to maintain contact or form clusters, presumably by interaction via membrane-receptors or by generating sufficient concentrations of autocrine factors. The addition of exogenous factors such as SCF and IL-6 enhances cell viability even at low cell concentrations; in addition, IL-6 stimulates proliferation, whereas SCF favors differentiation. 
